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SUMMARY 

Functional coupling between muscarinic (m3) receptors and 
two voltage-gated K + (KJ channels (K v 1.2 and KJ.5) cloned 
originally from canine colonic smooth muscle was studied us- 
ing the Xenopus oocytes expression system and a mammalian 
cell line (COS cells). Oocytes were coinjected with cRNAs en- 
coding the human m3 receptor and the Ky channel clones. COS 
cells were stably transfected with the hm3 cDNA and the cDNA 
encoding Ky1 .5 channels. In oocytes coexpressing hm3 recep- 
tors and Ky channels, acetylcholine (ACh, 100 /llm) decreased 
the whole-oocyte Ky channel current (l Kv ) by 72% over 20 min. 
ACh was equally effective at suppressing l Kv1>2 as 1 Kv1 6 . In 
oocytes expressing only Ky channels, phorbol esters (phorbol - 



dibutyrate) and phorbol dideconoate (10-30 niu) mimicked the 
action of ACh on l Kv in oocytes coexpressing hm3 receptors. At 
the single-channel level, both ACh and phorbol dibutyrate ap- 
plied to the extra-patch membrane reduced the open probabil- 
ity of Ky channels in the cell-attached patches without affecting 
single-channel conductance. In cotransfected COS cells, over 
a similar time course as in oocytes ACh suppressed whole-cell 
Uvi.s. but only by 30%, and the effect was not reversible. These 
data indicate that stimulation of m3 receptors in cells that 
express K v 1 .2 and KJ .5 channels causes a poorly reversible 
decrease in the open probability of these channels. 



Intracellular second messenger pathways constitute an im- 
portant link between cell-surface receptor stimulation and 
cellular electrical activity. These signaling pathways target 
many cellular proteins, including Ky channels (1). Modula- 
tion of Ky channels in many cell types is believed to occur 
through channel phosphorylation by protein kinases, includ- 
ing cAMP-activated kinase (protein kinase A) and PKC (2). 
Ky channels, including M-channels and K del , are targeted by 
muscarinic agonists. In rat superior cervical sympathetic 
neurons, suppression of 1^ by muscarinic agonists requires 
the generation of a diffusible second messenger (3). This 
process is transduced by G aq /G all and involves activation of 
PLCp (4). Activators of PKC partially suppress 1^ in frog 
sympathetic ganglion cells but inhibitors of PKC have little 
effect on the suppression of 1^ by agonist peptides (5). 
Suppression of 1^ by muscarinic agonists, however, is at- 
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tenuated by intracellular^ applied Ca 2+ buffers, alluding to 
mediation by a Ca 2+ -dependent enzyme such as PKC (6). A 
direct action of either the activated G a protein fragment or 
G /3y , however, cannot be ruled out (3). A Iicm-like current has 
also been reported in toad gastric smooth muscle cells (7), 
where it underlies much of the cholinergic receptor-mediated 
excitation. In this tissue, as in sympathetic ganglion cells, 
activators of PKC suppressed the current, but it was hypoth- 
esized that these compounds may have a direct inhibitory 
action on the channels. 

In rat ventromedial hypothalamic neurons, muscarinic re- 
ceptor stimulation suppresses a K + current with properties 
consistent" with a I Kdel channel current, through activation of 
G all (8). The steps, if any, subsequent to activation of the G 
protein were not investigated. More recently, modulation of 
Ky channels by second messenger pathways has been studied 
using cloned channels. These studies have the advantage 
over experiments performed in intact cells by using a channel 
of known primary structure that can be expressed in abun- 



ABBREVIATIONS: Ky, voltage-gated potassium; l Kv , voltage-gated potassium current; l Km , potassium M-current; PKC, lipid- and Ca 2+ -activated 
kinase (protein kinase C); ACh, acetylcholine; hm3, human muscarinic m3 receptor; K de „ delayed rectifier IC channel; l Kde , delayed rectifier K + 
channel current; l^^, Ca 2+ activated chloride current; G Kfnax , maximal cellular K + conductance; V 0 5 , voltage of half-maximal availability; PLC, 
phosphokinase C; DMSO, dimethylsulfoxide; PDBu, phorbol dibutyrate; PDD, phorbol.dideconoate; IP 3 , inositol-1 ,4,5-triphosphate; l-V, current- 
voltage; PTX, pertussis toxin; PIP 2 , phoshatidylinositol-4,5-bisphosphate; DAG, diacylgiycerol; HEPES, 4-(2-hydroxyethyl)-1-piperazineethane- 
sulfonic acid; CSA, capacitative surface area; (Ca 2+ ] free , free Ca 2+ concentration; [Ca 2+ ] cyt , cystolic Ca 2+ concentration; EGTA, ethylene glycol 
bis03-aminoethyl ether)-A/,/v",A/',A/'-tetraacetic acid. 
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dance, to the exclusion of other contaminant K + channels 
and other ion channels. These studies have shown that a 
number of Ky channels are potently modulated by second 
messenger systems, including the pathway linking G protein- 
coupled receptors and PKC (9). 

We have cloned two delayed-rectifier type K* channels 
(Kyl.2 and Kyl.5) from the circular muscle layer of the canine 
colon (10, 11). These channels, probably as heteromultimers 
(12), may to contribute to a large portion of the I Kdel recorded 
from native myocytes (13). I Kdel is activated during mem- 
brane depolarization and contributes to the maintenance of 
the "slow wave" plateau potential (14). In the canine colon, 
muscarinic receptor stimulation enhances excitatory electri- 
cal and mechanical activity (15) by increasing the amplitude 
and duration of slow waves. Colonic myocytes express both 
m2 and m3 receptor subtypes (16), but only the m3 receptor 
is coupled to the PLC pathway (17). Because I Kdel is activated 
during the plateau potential, it is a reasonable hypothesis 
that these, channels may be an important target of cholin- 
ergic agonists in colonic smooth muscle. We have been unable 
to unequivocally demonstrate a specific action of cholinergic 
agonists on I Kdel in colonic smooth muscle cells. Pharmaco- 
logical interventions to eliminate contaminating Ca 2+ -acti- 
vated K + currents with externally applied tetraethyl ammo- 
nium ions may interfere with agonist binding to muscarinic 
receptors, and inorganic (Cd 2+ , Ni 2+ ) blockers of L-type Ca 2 + 
channels may interfere with the voltage-dependent gating of 
Kd el channels (18). Furthermore, ACh activates a large non- 
selective cation current in colonic smooth muscle cells in a 
voltage range that overlaps with the activation range of I Kdel 
(19). Although these impediments to analysis of cholinergic 
effects on I Kdel are not insurmountable, we decided to first 
approach the problem using cloned channels known to un- 
derlie this current. We coexpressed the two cloned K + chan- 
nels in Xenopus oocytes and in COS cells with hm3. These 
expression systems make it possible to study the coupling 
between m3 receptor stimulation and modulation of 
channels. 

The results presented in this report indicate that the open- 
ing of both Kyl.2 and Kyl.5 channels can be suppressed by 
activation of a second messenger pathway linked to the m3 
receptor. This pathway is coupled through a G protein and 
requires, as a prerequisite, a rise in intracellular Ca 2+ levels. 
The roles of PKC and other possible second messengers are 
discussed. 



Experimental Procedures 

Oocyte injection. Ovarian lobes were removed from anesthe- 
tized adult female Xenopus laevis frogs (Xenopus 1, Ann Arbor, MI) 
under sterile conditions. The lobes were then mechanically opened, 
and the oocyte follicular layer was removed by incubation with 
collagenase (1 mg/ml) in Ca 2+ -free ND96 solution at room tempera- 
ture for 2-3 hr. The oocytes were then collected, rinsed, and stored in 
ND96 solution containing (in mM) 2.5 pyruvate, 96 NaCl, 1.5 CaCl 2 , 
2 KCi, 1 MgCl 2 , and 5 HEPES plus antibiotics (100 units/ml genta- 
mycin) at 19° for up to 24 hr before injection. cRNA encoding r^l.2 
and Kyl.5 channels and hm3 receptor was injected in a total volume 
of 50 nl, and the oocytes were stored until assay for 2-5 days. 

Two-electrode voltage-clamp. Whole-oocyte potassium cur- 
rents were recorded using the two-electrode voltage-clamp amplifier 
(Geneclamp 500, Axon Instruments, Burlingame, CA). Voltage- 
clamp protocols, data acquisition, and analysis were performed by 



.using pClamp 6.01 software (Axon Instruments). Microelectrodes 
were drawn to have resistances of 1-2 Mfl when filled with 3 m 
K-aspartate. Recordings were performed at room temperature (22- 
25°) in modified ND96 solution in which NaCl was replaced equimo- 
lar Na-isethionate to reduce contamination by endogenous Ca 2+ -. 
activated Cl~ channel currents. Current recordings were not 
corrected for capacitance and leak currents. Capacitative surface 
area was calculated by integrating the area under the capacitance 
current elicited in response to a 10-mV step depolarization from the 
holding potential (-80 mV), dividing by the magnitude of the voltage 
step and by the specific membrane capacitance of 1 /xF cm* 2 . 

Single-channel recordings. Unitary currents were recorded 
from cell-attached patches from oocytes mechanically denuded of 
their vitelline membranes. Removal of the vitelline membrane was 
performed under a binocular microscope, in most cases without 
treatment of the oocyte with hypertonic shrinking solution. In ex- 
periments of the effect of hm3 receptor stimulation on unitary 
channel currents, oocytes were bathed in a high-K+ solution (140 mM 
KCI, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES, pH titrated to 7.4 
with NaOH). The pipette solution contained 135 mM NaCl, 2 mM 
MgCl 2 , 2 mM KCI, and 10 mM HEPES, pH titrated to 7.4 with NaOH. 
In a series of experiments designed to study the effect of [Ca 2+ ] on 
channel currents in excised inside-out patches, the bathing solution 
contained 100 mM KCI, 2 mM MgCl 2 , 10 mM HEPES, and 1 mM 
EGTA. Ca 2+ was added to this solution to obtain the desired 
[Ca 2+ ] frec from a 100 mM stock solution (Orion). pH was titrated to 
7.4 using KOH. [Ca 2+ ] free was calculated using the EQCAL program 
(Biosoft, Ferguson, MO). Patch-pipettes were drawn from thick- 
walled borosilicate capillary tubing (Sutter BF-150-1 17-86) on a 
programmable micropipette puller (Sutter Instruments, Novato, 
CA). Their tips were fire-polished and coated with Sylgard (Dow 
Corning) to within 0.5 mm of the tip to reduce electrical noise and 
capacitance current artifact. Their resistances ranged from 5 to 10 
MH. Unitary currents were recorded using the patch-clamp circuit of 
the Geneclamp 500 amplifier equipped with a 100-Gfl resistive head- 
stage. Recordings were low-pass filtered at either 500 or 1000 Hz and 
digitized on-line at 5 KHz using a DIGIDATA 1200 A/D converter 
(Axon Instruments). Data acquisition and analysis were performed 
using pClamp 6.01 software (Axon Instruments). Open probability 
(NP 0 ) was calculated by fitting gaussian functions to all-point histo- 
grams of the sampled data and applying the following equation: NP 0 
= 2 [2 (a f )l • /I, where a t is the proportion of the total area of the 
distribution occupied by openings to the ith conductance level, and n 
is the fully open channel level. 

Current recording from COS cells. Whole-cell current record- 
ings from COS cells were performed in an electrophysiological cham- 
ber positioned on the stage of an inverted microscope (Nikon) and 
using either conventional whole-cell recording techniques (20) or the 
perforated patch technique (21). Pipettes were drawn from capillary 
glass (Sutter BF-150-1 17-115) and had resistances of 2-5 Mil when . 
filled with intracellular pipette solution. Suspensions of COS cells 
stably cotransfected with the hm3 and R^l.5 cDNAs were placed on 
the recording chamber and allowed to adhere to the bottom. The 
bathing solution contained (in mM) 135 NaCl, 5 KCI, 1 MgCl 2 , 1.8 
CaCl 2 , 10 HEPES, and 10 dextrose. pH was adjusted to 7.35 with 
NaOH. The pipette solution contained (in mM) 140 KCI, 1 MgCl 2 , 10 
HEPES, and 5 BAPTA. Amphotericin-B was made up as a stock 
solution in DMSO (3 mg/50 ml). Then, 4-/il aliquots of stock solution 
were dissolved in 1 ml of pipette solution by sonication. Pipettes were 
filled with this amphotericin-containing solution. After formation of 
gigaseals, access resistance was monitored using the capacitance 
and resistance subtraction circuitry of an Axopatch 1C amplifier 
(Axon Instruments). Adequate access resistance was achieved when 
access resistance had fallen below 20 MH and the current amplitude 
elicited by constant depolarizing test pulses had stabilized. The time 
required to achieve these conditions varied from 10 to 35 min after 
gigaseal formation. Whole-cell currents were low-pass filtered at 1 
KHz and digitized at 2.5 KHz using pClamp 5.5 software (Axon 
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Instruments). Recordings were obtained at room temperature. Cells 
were perfused continuously at a rate of 1 ml/min. Drugs were added 
to the perfusing solution. ACh (10 _1 m) and atropine (1CT 3 M) were 
made up as stock solutions in distilled water. 

Drugs and statistical analysis. The following compounds were 
used: ACh, carbachol, bethanechol, atropine, pertussis toxin (Sigma 
Chemical Co., St Louis, MO). Ionomycin, A23187, PDBu, PDD, 
4a-PDD, H7, Calphostin C, staurosporine, (Calbiochem). Ionomycin 
was dissolved in pure DMSO (Sigma Chemical Co.) in a stock solu- 
tion of 10~ 3 M. The phorbol esters were also dissolved in DMSO in 
stock solution of 10 " 2 M. Calphostin C was dissolved in DMSO in a 
stock solution of 10 " 3 M and was stored protected from light. The 
remaining compounds were all dissolved in distilled water. Stock 
.solutions of ACh (10 _1 m) were stored frozen until use. In prelimi- 
nary experiments, DMSO inhibited K + channels currents in oocytes 
at concentrations of >10~ 4 M. The highest concentration of DMSO in 
our test solution as vehicle did not exceed 10 ~ 6 M. Where indicated, 
oocytes were injected with 50 nl of 100 mM EGTA stock solution, pH 
7.4, 10 min before current recording. Estimated concentration of 
EGTA in the cytoplasm was 4.7 mM assuming an oocyte volume of 1 
/xl. Where appropriate, Student's t test was applied to calculate the 
statistical significance of differences between mean values, where 
the number in parentheses represents the number of cells. 

Results 

Muscarinic (m3) receptor stimulation suppresses I Kv 
in Xenopus oocytes. Before investigating the effects of mus- 
carinic receptor stimulation on Ik v , we tested the expression 
of the hm3 receptor from the encoding cDNA (provided by Dr. 
Peralta, Harvard University) (22) by noting the presence of 
Ica-ci m response to superfusion with ACh (ACh, 100 /mM). 
Oocytes were voltage-clamped at a holding potential of -80 
mV. In Cl~-containing ND96 solution, Ic a _o appeared as a 
transient (<2 min) increase in inward current at the holding 
' potential and as an increase in the net outward current at 
potentials positive to 0 mV. This transient nature of the 
response most probably reflected the depletion of Ca 2 "*" from 
IP 3 -sensitive Ca 2+ stores (17). In oocytes not injected with 
the hm3 cRNA, ACh failed to activate I Ca . cl . In the experi- 
ments that followed, I Ca -ci was eliminated by using CI ~- 
deficient ND96 and pipettes filled with 3 m K-aspartate. 

ACh, carbachol, and bethanecol all suppressed I Kv at con- 
centrations of >50 /am. Because the level of expression of the 
hm3 receptors varied among oocytes, the relative efficacies of 
these agonists were not tested. For the remainder of the 
study, we used ACh at a standard concentration of 100 /am. 
Continuous superfusion of ACh caused a large reduction in 
I Kvl 2 (Fig. 1A). This reduction of current usually required 
15-20 min to reach steady state (Fig. 1C). ACh produced 
similar effects on K + currents in oocytes expressing Kyi. 5 
channels (Fig. IB). The ACh-mediated suppression of I Kv was 
blocked or severely reduced by pretreatment (10 min) with 
atropine (1 aim) (Fig. ID). Comparison of the I-V relationships 
for both I Kv i.2 anc * Ikvi.5 before and after ACh treatment (Fig. 
2, A and B, respectively) revealed that ACh caused an equi- 
potent reduction in currents at all potentials for both clones. 
These reductions in current were attributable in large part to 
decreases in the G Km ^ generated by the two K + channel 
clones. In oocytes expressing K^l.2 channels, Gtf max calculated 
from the steady state availability of I Kv i.2 was reduced from 
55 to 28 /aS (two); in oocytes expressing Kyl.5 channels, G Kmstx 
was reduced from 128 to 29.7 uS (two). The V 0 5 after ACh 
treatment were either not affected appreciably d K vi.2 : 



A.Kvi.2 B. Kv1.5 
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Fig. 1. Effect of ACh (1 00 /im) on whole-oocyte K + currents. A, Oocyte 
coinjected with hm3 receptor and .2 channel cRNAs. i, Oocyte was 
depolarized from a holding potential of -80 mV to test potentials 
ranging from -50 to +20 mV in 10-mV increments. KJ.2 channel 
current (l Kv i 2) activated rapidly and decayed slowly. //, At 20 min after 
application of ACh, l Kv1 ^ was decreased at all test potentials. B, Oocyte 
coinjected with hm3 receptor and KJ.5 channel cRNAs. /, Currents 
elicited as in A, in the absence of ACh. Note more rapid inactivation of 
Jkvi.5- Ikvls elicited in the presence of ACh. ACh was added 20 min 
before eliciting currents. C, Time course of ACh-mediated suppression 
of I Kv1 . 2 elicited by test depolarization to +20 mV (O). ACh was applied 
2 min after beginning of recording period. The initial increase in current 
was not a consistent observation and was due to activation of Ca 2+ - 
activated Cl~ current. In the absence of ACh, I Kv1 2 did not decrease 
with time and sometimes "ran up" (•). D, Effect of atropine (1 /am) 
pretreatment (■) on suppression of l Kv1 5 by ACh (□). 

^0.5 control = -16 mV, V 0 . 5 ACh = -21 mV [two]) or shifted 
slightly negative (I Kvl 5 : V^.s control = "32 mV, V a5 ACh = -39 
mV, [two]) (Fig. 2, C and D). Because of the small magnitude 
of I Kv after ACh, the plots describing the steady state avail- 
ability of the currents appeared distorted, making it difficult 
to accurately measure the steady state parameters (Fig. 2C). 
In oocytes not expressing the hm3 receptor but only Kvl.2, 
Kyl.5, or heterotetrameric 1^1.2/1^1.5 channels, the corre- 
sponding-turrents were not decreased by ACh (Fig. 3). The 
level of down-regulation of channel currents by ACh treat- 
ment may have been underestimated because of possible 
concomitant activation of endogenous C a 2 + -dependent cation 
channels. 

m3 receptors, second messenger pathways, and 
channels. In cells that express m3 receptors, ACh activates 
PLCp through a PTX-insensitive G protein (23). PLC^ breaks 
down PIP 2 to IP 3 and DAG. In turn, DAG may activate PKC, 
leading to phosphorylation of cellular proteins. We examined 
the participation of this pathway in the ACh-mediated sup- 
pression of I Kv in oocytes by testing the suppression of cur- 
rent to a number of putative inhibitors of PKC. Oocytes 
coexpressing 2 channels and m3 receptors were pre- 
treated with staurosporine (0.5 /im) overnight and then chal- 
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Fig. 2. Effect of ACh on l-V relationships and steady state inactivation 
of l Kv1 ^ and l Kv1 5 . A, l-V relationship for l Kv1 2 before (O) and 20 min 
after (•) application of ACh 100 /am (five). B, l-V relationship for l Kv1 5 
before (O) and 20 min after (•) application of ACh 100 /am (eight). C, 
Steady state inactivation of l Kv1 2 (control, O; ACh, •). V 0 5 was shifted 
negative by ACh from -16 to -21 mV (two). D, Steady state inactiva- 
tion of l Kv1 .5 (control, O; ACh, •). V 0 5 was also shifted negative by ACh 
from -32 to -39 mV (two). Steady state inactivation was studied using 
15-sec conditioning steps to potentials ranging from -70 to +20 mV, 
followed by a 200-msec test pulse to +40 mV. The test currents elicited 
by the pulses to +40 mV were averaged and plotted as a function of 
conditioning potential. The data points were fitted with a Boltzmann 
function: G = (I test - C)/(1 + exp[{V - V 0 5 )/(V S )] + C, where l test is the 
peak current elicited by the test pulse, Vis the conditioning voltage, V 0 5 
is the voltage of half-maximal inactivation, V s is the slope factor, and C 
is the magnitude of the noninactivating current component. 

lenged with ACh. Although staurosporine pretreatment 
failed to fully block the ACh-mediated suppression of I Kv i.2> 
the level of suppression was significantly decreased com- 
pared with oocytes not treated with staurosporine (40 ±3% 
[eight], p < 0.05). In another series of experiments, pretreat- 
ment of oocytes for 15 min with H7 (10 /am), an unrelated 
inhibitor of several protein kinases including PKC, also sig- 
nificantly attenuated the ACh-mediated suppression of I Kvl 2 
(Ikv h 7 /I K v control = 43 ± 10% [five], p < 0.05). These data 
suggest that the reduction in I Kv i.2 m response to m3 recep- 
tor stimulation may have been mediated in part by activation 
of PKC. However, H7 and staurosporine are nonspecific ki- 
nase inhibitors, and the muscarinic response may involve 
kinases other than PKC. 

There are at least two Ca 2+ - and phospholipid-dependent 
PKC isoforms in Xenopus oocytes (2,4). Injection of oocytes 
coexpressing hm3 receptors and Kyi. 2 channels with EGTA 
(100 mM, pH 7.4 in the pipette) attenuated the suppression of 
I Kv in response to ACh. The peak amplitude of I K vi.2 in 
response to a test depolarization to +40 mV 20 min after 
application of ACh averaged 52 ± 7% of control (four). Buff- 
ering of [Ca 2+ ] below basal levels by injection of EGTA did 
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Fig. 3. Effect of ACh on ^ channel currents (mean data). In oocytes 
coinjected with hm3 receptor cRNA and either KJ.2 or KJ.5 or a 
mixture of KJ.2 and KJ .5 cRNA, ACh (100 /am) caused a large reduc- 
tion in whole-oocyte (KJ.2, KJ.5, and KJ.2/KJ.5) channel cur- 
rents {filled bars). In oocytes not injected with the hm3 receptor, ACh 
caused a negligible reduction in l Kv (open bars). Pretreatment of oo- 
cytes with atropine (1 aim) markedly attenuated the ACh-mediated 
reduction in l Kv . Numbers above bars, number of oocytes tested in each 
group. 

not in itself block the channels. Therefore, basal Ca 2 " 1 " is not 
required to maintain channel activity. These data indicate 
that the second messenger pathway activated by ACh re- 
quires intracellular Ca 2 "*" for full activity. Superfusion of 
Ca 2+ -free bathing solution after suppression of I Kv by ACh, 
however, failed to quickly (<25 min) reverse this suppres- 
sion. I Kv recovered very slowly on superfusion of ACh-free 
solution (<50% of the current recovered in 40 min). This 
suggests that the Ca 2+ -dependent pathway involved in the 
m3 receptor-mediated suppression of I Kv requires Ca 2 "*" for 
its activation but not for its maintenance. Ca 2+ dependence 
could also be demonstrated by application of the Ca 2+ iono- 
phores A23187 (1 /am) (one) and ionomycin (0.1 jam) (three). 
Both compounds suppressed I Kv by 50% and by 46 ± 1 1%, 
respectively, on a time scale identical to the action of ACh. 

The G protein that transduces the ACh-mediated suppres- 
sion of I Kv in oocytes appears to be PTX sensitive. Pretreat- 
ment of oocytes with PTX (2 fig/ml) overnight attenuated the 
ACh-mediated suppression of I Kvl 2 , Irvi.2 was reduced to 61 
± 4.8% of control by ACh in five PTX-treated oocytes com- 
pared with only 13 ± 4.3% in three oocytes from the same 
batch not treated with PTX (p < 0.05). Because m3 receptors 
are believed to be exclusively coupled to the PTX-insensitive 
G aq /G all class of G proteins (25), our data suggest that the G 
protein coupled to the m3 receptor in oocytes is atypical or 
that a combination of PTX-sensitive and -insensitive G pro- 
teins is involved (26). 

The reduction in I Kv by ACh was not associated with loss of 
membrane surface area in oocytes. In oocytes coexpressing 
hm3 receptors and channels, CSA averaged 0.18 ± .01 

cm 2 (seven) before ACh and 0.17 ± .03 cm 2 after ACh (seven). 
CSA was examined because a loss of surface membrane may 
have resulted from internalization of m3 receptors and colo- 
calized channels in the membrane, after phosphorylation 
of the receptors by intracellular kinases related to /3-adren- 
ergic receptor kinase (27). 

Effect of phorbol esters on I Kv . Phorbol esters activate 
PKC directly by binding to the regulatory site on the enzyme 
(34). We tested the actions of three phorbol ester analogues 
on whole-oocyte currents generated by the opening of homo- 
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meric Kyl.2, Kyi. 5, and heterotetrameric 1^1.2/1^1.5 chan- 
nels. PDBu (30 nM) (Fig. 4, A and B) and PDD (10 nM) each 
caused marked suppression of all three currents expressed in 
oocytes (I Kv pdbu/Ikv 32 ± 7.4% [eight]; I Kv pdi/Ikv 32 ± 11% 
[three]). Maximal suppression of I Kv occurred after 20 min of 
application, over which time these currents normally show 
little rundown (Fig. 4E). The slopes of the I-V relationships of 
both I K vi.2 an( * Ikvi.s were decreased by PDBu (10 nM) (Fig. 4, 
C and D). The inactive phorbol ester analogue 4a-PDD (10 
nM), which does not activate PKC, produced only a small 
reduction in Ik v (I K v 4 «-pdd /i k v 82 ± 4% [seven]) (Fig. 4F). 
Calphostin C (0.1 /am), a specific PKC inhibitor that binds to 
the regulatory site on the enzyme, reduced I Kv i.2 by 29% 
(three) alone but did not attenuate the PDBu (10~ 8 M)-medi- 
ated suppression of this current: I Kv i.2 was decreased to 25% 
of control (three). This suggests that calphostin C may have 
an intrinsic PKC-activating action or that it may directly 
block channels. Staurosporine (0.5 /am overnight), a more 
potent PKC inhibitor, significantly attenuated PDBu-medi- 
ated suppression of I Kv (p < 0.05 unpaired t test; 

I K v PDBu ataurosporine/lKv staurosporine 66 ± 8% [six]). This SUg- 




Fig. 4. Suppression by PDBu of whole-oocyte K„ channel currents. A, 
30 nM PDBu decreased l Kvl>2 elicited by depolarization of the oocyte 
from a holding potential of -80 mV to a test potential of +20 mV. B, 30 
nM PDBu also reduced whole-oocyte l Kv1 5 by >80% of control current. 
C, Average l-V relationship of l Kv1 2 before and after application of PDBu. 
(10 nM) (two). D, l-V relationship of 

bvi.s before and after application of 
PDBu (10 nM) (two). E, Typical time course of reduction of l Kv15 by 
PDBu (•) compared with the current elicited in an untreated oocyte (O). 
F, Average data. PDBu (30 nM) decreased l Kv (calculated from pooled 
data; open oar [five]) significantly more than the inactive 4a analogue of 
PDD {filled bar [seven]) indicated with * (p < 0.05). Overnight pretreat- 
ment with staurosporine (0.5 p.M) significantly attenuated the PDBu- 
mediated reduction in l Kv (six). *, Significant difference from PDBu 
alone (open bar). 



gests that PKC partially mediated the inhibitory action of 
phorbol ester on channels. PDBu (30 nM) did not signifi- 
cantly effect V 05 of Ikvi.s (p > 0.05; V 0 5 control -36 ± 7 mV; 

pdbu ± 7 mV [four]) but decreased maximal conduc- 
tance from 54.8 ± 8 to 19 ± 8.9 /utS, suggesting that either the 
number of activatable channels or the single-channel conduc- 
tance was reduced by PDBu treatment. CSA was unaffected 
by PDBu (10-30 nM: CSA control , 0.20 ± 0.04 cm 2 ; CSA PDBu , 
0.21 ± 0.04 cm 2 [eight]). Other investigators have concluded 
that internalization became significant only at concentra- 
tions of PDBu of >88 nM and at 10 nM PMA (28). The highest 
PDBu concentration used in the present study was 30 nM. 
However, slow internalization of channels without any de- 
tectable decrease in cell surface area is a possibility that 
must be mentioned. 

Effect of ACh on unitary channel currents. To 
distinguish between an effect of ACh on channel availability 
and channel conductance, we obtained single-channel record- 
ings from cell-attached patches in oocytes coexpressing 
channels and m3 receptors. Results from one such experi- 
ment are illustrated in Fig. 5. The patch contained at least 
two channels that opened on depolarization of the patch from 
a holding potential of -80 mV to a test potential of 0 mV. 
Under an asymmetrical [K + ] gradient ([K + ] pipett J[K + ] hath = 
2:140 mM) test depolarization to 0 mV eliminated nonselec- 
tive cation channel currents through the ubiquitous stretch- 
activated channels and allowed for the selective recording of 
Kyi. 2 unitary channel currents. In the absence of ACh, test 
depolarizations to 0 mV elicited channel openings from at 
least two Kyl.2 channels (Fig. 5A). An all-points histogram 
plot of the events recorded during the test potential yielded 
an NP Q of 1.069 [Fig. 5B). Whole-oocyte I Kv i.2 was a l so re " 
corded from the same oocyte using the two-electrode voltage - 
clamp in response to a step depolarization to +40 mV from a 
holding potential of -80 mV to +40 mV (Fig. 5F). On the 
application of ACh (100 jam), I Kv i.2 decreased significantly 
over 15 min (Fig. 5F). Depolarization of the cell-attached 
patch on the same oocyte after suppression of I Kv i.2 now 
activated fewer channel openings (Fig. 5C). The majority of 
test pulses failed to activate any channel openings. An all- 
points histogram plot of these recordings confirmed that the 
unitary current was unaffected but NP Q was substantially 
decreased to 0.026 (Fig. 5D). The ensemble-averaged cur- 
rents before and after application of ACh revealed a similar 
degree of reduction as the whole-oocyte current (Fig. 5E). 
These recordings show clearly that m3 receptor stimulation 
decreases- .the availability of K^l.2 channels but does not 
affect channel conductance. In seven of nine cell-attached 
patches containing K^l.2 channels, NP Q was reduced from 
1.138 ± 0.18 to 0.55 ± 0.14, 15-20 min after application of 
ACh to the cell membrane outside the patch. The unitary 
current measured from all-point histogram plots averaged 
0.79 ± 0.06 pA before ACh and 0.76 ± 0.05 pA after ACh. In 
a similar manner, in three of five cell-attached patches from 
oocytes expressing rvl.5 channels, the NP 0 was reduced from 
0.603 ± 0.23 to 0.126 ± 0.08 after application of ACh to the 
bathing solution. 

Effect of PDBu on unitary channel currents. To 
test that PDBu did not affect single-channel conductance, we 
recorded Kyi. 2 channel activity in two cell-attached patches 
before and after application of PDBu (30 hM) to the mem- 
brane outside the patch. Recordings and data from one such 
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Fig 5. Muscarinic (m3) receptor stimulation decreases the open prob- 
ability of .2 channels via a diffusible intracellular second messenger 
The oocyte was coinjected with hm3 and cRNAs. A Cell-at- 
tached patch recording. Oocyte was bathed in high-K + solution (140 
mM). Pipette solution contained 2 mM K + . The patch was depolarized 
from a holding potential of -80 mV to a test potential of 0 mV for 900 
msec every 8 sec, which evoked opening of KJ.2 channels after a 
short latency. At least two channels are evident in this patch B 
All-points histograms constructed from the channel activity recorded at 
0 mV Unitary current was estimated as 0.8 pA, and NP 0 was estimated 
from the areas under the fitted gaussian curves as 1 069 C 20 min 
after application of ACh 100 m m to the membrane outside the patch 
depolarization to 0 mV elicited fewer channel openings. Four episodes 
containing channel openings are shown. The majority of the 20 epi- 
sodes contained no channel openings. D t All-points histogram 1 of 
events at 0 mV after application of ACh. Note that unitary current is 
unchanged, but NP Q was decreased to 0.026. E, Ensemble averaged 
currents from 20 consecutive episodes as depicted in A and C before 
and after application of ACh. F, Whole-oocyte currents recorded from 
the same oocyte before and 16 min after application of ACh. Test 
potential, +40 mV. Note parallel reduction in whole-oocyte current and 
ensemble averaged patch current shown in E. 

experiment are shown in Fig. 6. Because this patch contained 
up to four channels, unitary openings were discerned by 
adjusting the holding potential to -50 mV and depolarizing 
the patch to 0 mV (Fig. 6A). At least two subconductance 
states were apparent. As in Fig. 5, B and D, NP Q was esti- 
mated by fitting a sum of four gaussian functions to the 
ail-points histogram plot of the events elicited during test 
pulses (Fig. 6B). The conductance levels of the open channel 
are indicated by the arrows. Washin of PDBu (30 nM) was 
monitored by simultaneously recording whole-oocyte current 
(Fig. 6E). Whole-oocyte I Kvl 2 was decreased by >80% over 15 
min (Fig. 6F). After this period, depolarization of the cell- 
attached patch from -50 to 0 mV failed to activate any 
channel openings. By increasing the holding potential to -80 
mV, however, depolarization of the patch to 0 mV activated 
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Fig 6. Extra-patch application of PDBu decreases the open probabil- 
ity of channels. A, Cell-attached recording as in Fig. 4A Unitary 
channel openings were elicited by adjusting the holding potential (VJ to 
-50 mV and applying depolarizing steps to 0 mV every 8 sec B 
All-points histogram of events at 0 mV. Note multiple subconductance 
states in this channel. NP Q = 0.892. C, At 20 min after application of 
HDBu 30 nM to the cell membrane outside the patch, depolarization of 
the patch to 0 mV elicited no openings. However, some channel open- 
ings could be elicited by increasing V h to -80 mV. The majority of the 
20 episodes contained no channel openings. D, All-point histogram of 
the events at 0 mV in the presence of PDBu from V h = -80 mV Fully 
open channel current was unaffected but NP Q was markedly reduced to 
0.185. E, Whole-oocyte currents evoked during application of PDBu 
Test depolarization to +40 mV. F, Time course of decrease of L , , on 
application of PDBu 30 nM (arrow). This effect was not readily revers- 
ible. 



some channel openings, but the majority of test pulses gen- 
erated ;Blank records (Fig. 6C). An all-points histogram plot of 
these data revealed that of the channels that did open after 
PDBu treatment, they opened to the same conductance levels 
as in control conditions, but their probability of opening was 
decreased markedly. 

Direct effect of Ca 2+ on unitary channel currents. 
External divalent cations, including Ca 2+ , cause marked 
shifts in the voltage dependence of steady state activation 
and inactivation of voltage-gated K + channel currents (18). 
The effect of internal divalent cations, however, varies. Mag- 
nesium ions induce inward rectification in A-type K 4 " re- 
corded in neurons (29) and in a delayed rectifier K + current 
in smooth muscle cells from the renal artery (30). Ca 2+ has 
also been reported to directly decrease K* channel currents, 
albeit at abnormally high intracellular concentrations (10~* 
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m; Ref. 31). In oocytes expressing m3 receptors, stimulation 
with ACh raises the [Ca 2 *] in the cytoplasm transiently to a 
peak of —300 nM (32). In four excised patches containing 
channels, we tested the possibility that Ca 2+ in the 
range of 10 ~ 8 to 10" 6 M may contribute to the reduction in I Kv 
by directly blocking the channel in the same manner as 
intracellular Mg 2 " 1 ". One such experiment is illustrated in 
Fig. 7. At 10~ 8 M [Ca 2+ ] free , 1.2 channels appeared to open 
predominantly to the fully open level (Fig. 7, A and B). In the 
presence of 10~ 6 m [Ca 2+ ] free (Fig. 7C), channels continued to 
open in response to depolarizing pulses with approximately 
the same frequency, but the all-points histogram plot re- 
vealed that the majority of openings were made to the small- 
est subconductance level (Fig. 7D). Despite the increase in 
the overall probability of opening to any one conductance 
level (NP 0 ) from 0.77 to 1.049, there was a decrease in the 
ensemble-averaged current that could be explained by a de- 
crease in the proportion of openings to the fully open state. 
These data suggest that Ca 2 + may directly modulate 
channels at concentrations approaching 1 /xm by altering 
conductance properties; At [Ca 2+ ] free approaching 10" 5 m, 
unitary channel activity was characterized by rapid flicker- 
type opening and closings (data not shown). 

Effect of ACh on COS-7 cells cotransfected with hm3 
and Kyl.5. The hm3 receptor and K^l.5 channel were also 
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Fig. 7. Effect of increase in [Ca 2+ ] free on KJ .2 single-channel currents 
in inside-out patch. A, Cytoplasmic surface of the patch was exposed 
to a high-K (100 itim) solution containing 10 nM [Ca 2 +] free titrated with 
EGTA. Patch depolarization to 0 mV from a holding potential of -80 mV 
elicited opening of a single channel. Four consecutive episodes are 
shown. B, All-points histogram of 16 consecutive episodes as shown in 
A. Note presence of three open states (O). C, [Ca 2+ ] freo was increased 
to 1 /im. Channel openings again were elicited during the majority of 
pulses to 0 mV, from a holding potential of -80 mV. However, the 
frequency of openings to the subconductance states appeared to 
increase. D, All-points histogram of evoked events in 1 [Ca 2+ ] free . 
The current levels representing open states were unchanged, but the 
proportion of openings to the smallest conductance level was in- 
creased. Overall NP 0 was increased from 0.77 in 10 nM [Ca 2 "*"]^ to 
1.049 in 1 /i,M [Ca 2+ ] free , but the ensemble-averaged current was de- 
creased in the elevated [Ca 2+ ] free . 



stably coexpressed in COS cells. Whole-cell I Kvl 5 activated at 
potentials positive to -40 mV and was indistinguishable 
from macroscopic I Kvl 5 recorded in Xenopus oocytes. The 
density of channels expressed in COS cells was ~ 10-fold 
higher than in oocytes expressing channels. Based on a 
CSA of 0.25 X 10~ 4 cm 2 in COS cells and assuming a unitary 
current of 0.5 pA at 0 mV (11), the density of functional 
channels per COS cell was -3.2 X 10 8 cm"" 2 . In oocytes, 
assuming a CSA of 0.2 cm 2 , dividing the mean whole-oocyte 
current at 0 mV (Fig. 2B) by the unitary current yields a 
channel density of 2 X 10 7 cm" 2 . We tested the action of ACh 
on Ijcvi.5 m six COS cells. ACh (100 /am) decreased I Kvl 5 but 
by only 25-30% (Fig. 8, A and B). As in oocytes, the time 
course of suppression was slow (Fig. 8C) and not voltage 
dependent (Fig. 8D). This reduction was observed in four 
cells using 5 mM BAPTA-containing pipettes and in two cells 
using amphotericin B-perforated patches, suggesting that 
chelation of intracellular Ca 2+ does not prevent the suppres- 
sion of current. Furthermore, this suppression was not re- 
versible up to 30 rain after washout of ACh. The ACh-medi- 
ated decrease in I Kv i.5 was sensitive to pretreatment with 
atropine (1 jam) (two). These data indicate that the m3 recep- 
tor-activated second messenger pathway mediating suppres- 
sion of I Kv in COS cells may be different from that in oocytes. 

Discussion 

Our findings in both Xenopus oocyte and COS cell expres- 
sion systems demonstrate that m3 receptor stimulation sup- 
presses I K dei- We infer from these data that muscarinic re- 
ceptor-mediated depolarization in colonic smooth muscle 
may be attributed, in part, to suppression of I K dei- In view of 
the relatively slow -onset of the m3 receptor-mediated sup- 
pression of I Kv compared with the rapid onset and reversibil- 
ity of the ACh-activated cation current (19), muscarinic re- 
ceptor-mediated suppression of I Kdel in the smooth muscle 
may form the basis of a long-term regulation of membrane 
excitability. Phorbol esters strongly mimicked the action of 
m3 receptor stimulation, suggesting that suppression of 
channel currents follows activation of PKC. Moreover, phor- 
bol esters have been shown to stimulate phosphorylation of 
Kyi channels on a time scale similar to suppression of I Kv 
(33). A consensus sequence for phosphorylation of a serine 
residue by PKC is found in all Shaker K^l channels in the 
intracellular loop between transmembrane segments S4 and 
S5 (31). Our data, like that of Huang et al (33), suggest that 
the point of convergence between the actions of ACh and 
phorbol esters may be PKC. We found that staurosporine 
appeared to be more effective at inhibiting the actions of 
phorbol esters on I Kv than the suppression of I Kv through m3 
receptor stimulation. H7, however, attenuated the m3 recep- 
tor-mediated suppression of I Kv but was less affective than 
m3 receptor blockade with atropine. The partial but not 
complete inhibition of the m3 receptor-mediated responses 
on I Kv suggest that there may be mechanisms other than 
activation of PKC that result in suppression of I Kv . Compo- 
nents of the pathway linking m3 receptors to ion channels 
include IP 3 , DAG, and Ca 2+ (32). IP 3 triggers the release of 
Ca 2+ from stores, whereas DAG binds to the regulatory site 
of PKC and activates it (34), but IP 3 alone has little effect on 
ion channel activity. Ca 2+ alone, at suprabasal levels, how- 
ever, may directly modulate K + channel activity (35). How- 
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Fig. 8. Effect of ACh on whole-cell l Kv1 . 5 recorded from 
stably transfected COS cells cotransfected with hm3 re- 
ceptor. A, Control currents. Cell was depolarized from a 
holding potential of -80 mV to test potentials ranging 
from -70 to +50 mV in 10-mV increments every 8 sec. B, 
Currents elicited in the same cell in response to the same 
stimuli as in A after the application of ACh (100 ^m). C, 
Time course of suppression of l Kv1 . 5 in response to ACh 
application (arrow). D, Mean 1-V relationship of l Kv1 . 5 be- 
fore (6) and after (•) application of ACh (four). 
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ever, previous studies on related channels have ruled out 
Ca 2+ having direct inhibitory actions on K,, channels at phys- 
iological concentrations (31). In excised patches containing. 
1^1.2 channels, we observed that at [Ca 2+ ] cyt approaching 1 
/jlm the frequency of channel openings to subconductance 
states was increased compared with the channel openings 
elicited in [Ca 2+ ] cyt of 10 nM. This switching in preferred 
channel conductance caused a net reduction in the ensemble 
current (Fig. 8D, inset). This effect was reversible within tens 
of seconds, unlike the action of Ca 2+ ionophores and ACh on 
I Kv , which recovered only partially after perfusion with ACh- 
free and Ca 2+ -free solution for up to 40 min. In Xenopus 
oocytes, elevation in [Ca 2+ ] cyt after m3 receptor stimulation 
rarely exceeds 300 nM and returns to basal levels within 20 
sec (32). However, if [Ca 2+ ] in the submembrane space ex- 
ceeds the level in the cytoplasm at the peak of the response to. 
m3 receptor stimulation, then a direct effect on K v channel 
activity cannot be ruled out. However, this effect would be 
transient and is unlikely to contribute to the sustained sup- 
pression of I Kv - At the level of the single channel, ACh and 
PDBu appeared to decrease the open probability without 
affecting conductance (see Figs. 5 and 6), making it unlikely 
that the suppression of I Kv in response to m3 receptor stim- 
ulation was mediated in its entirety by a direct effect of Ca 2+ 
on the channels. Ca 2+ released from IP 3 -sensitive stores may 
also act on Ca 2+ -dependent isoforms of PLC. Xenopus oocytes 
express an isoform of PLC that closely resembles the mam- 
malian PLC 31 isoform and is activated by a PTX-sensitive G Q 
protein (26). In oocytes, G G is coupled to a number of recep- 
tors, including ml. The m3 receptor-mediated suppression of 
I Kv was inhibited by PTX, suggesting that in oocytes G 0 
rather than G q couples the m3 receptor to the Xenopus- 
specific isoform of PLC (36). It, is not known whether this 
Xenopus-specific PLC is also Ca 2 * sensitive. However, such 
isoforms of PLC (23) in oocytes cannot be ruled out (37). We 
speculate that if this isoform is expressed in oocytes, then 
elevation of [Ca 2+ ] cyt from IP 3 -sensitive stores may feedback 
on PLC and reinforce the hydrolysis of PIP 2 . The net effect 
would be enhanced production of DAG and increased stimu- 
lation of PKC. 

An important potential mediator that has been overlooked 



in the physiological actions of agonists that activate the PLC 
pathway is DAG. In rat sympathetic neurons (38) and toad 
gastric smooth muscle (39), DAG generated from either PIP 2 
through the action of PLC has been proposed as the diffusible 
second messenger responsible for inhibiting M-current. In 
the present study, both the Ca 2 " 4 " dependence and the PTX 
sensitivity of the m3 receptor-mediated suppression of I Kv 
may be equally well explained in terms of activation of a 
Ca 2 + -sensitive PLC isoform that, in oocytes, is coupled to the 
m3 receptor through G 0 . This interpretation is supported by 
mimickry of the inhibitory action of ACh by phorbol esters, 
which are potent analogues of DAG. More recently, Bowlby 
. and Levitan (40) reported that direct application of DOG (a 
DAG analogue) to inside-out patches reversibly blocked K v l 
channel currents. In the present study using cell-attached 
patches, we demonstrated that the putative second messen- 
ger can diffuse to a region of membrane unstimulated by ACh 
and inhibit the opening of K v 1.2 channels. 

In the present study, we demonstrated that m3 receptor 
stimulation causes marked suppression of voltage-gated K + 
channel currents generated by two delayed rectifier K + chan- 
nels cloned from canine colonic smooth muscle. We conclude 
that muscarinic receptor-mediated excitation in colonic 
smooth muscle may be partly attributed to suppression of 
I Kdel generated t>y heteromeric K v 1.2/K v 1.5 channels. In situ 
experiments sire now appropriate and necessary to corrobo- 
rate these molecular experiments and further delineate the 
role of these delayed rectifier K + channels in colonic mechan- 
ical activity. 
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